It is well known, since the work of Wald,' that the visual pigments involve the combination of a protein, opsin, with the molecule of retinene (I), the aldehyde of vitamin A. Like all polyene chains, retinene and vitamin A can exist in a number of different configurations, corresponding to the possible cis-trans isomerizations around the different double bonds of these molecules. In the case of (I), these possible isomerizations may occur essentially around the bonds 9-10, 11-12, and 13-14. The names given to the principal isomers are summed up in Table 1 9-10 9-cis iso-a 11- 12 11-cis neo-b 13- 14 13-cis neo-a 9-10, 13-14 9, 13-di-cis iso-b 11-12, 13-14 11, 13-di-cis neo-c
It has been considered for many years that the existence of the 11-cis isomer was very improbable because the steric interference of the methyl group fixed at carbon 13 with the hydrogen at position 10 would prevent the molecule from being entirely planar,2 thus causing a loss of resonance energy, which means a loss of stability.3 It was consequently surprising, at least at first sight, to observe that the very isomer of retinene which is involved in the natural visual pigments has in fact the 11-cis configuration.4 Moreover, it was also shown that when the alltrans retinene is irradiated with white light, the 11-cis isomer is formed about 8 times as fast as the 9-cis isomer.5 However, at the same time, a comparison of the all-trans, 9-Cis, 11-Cis, 13 -cis and 9,13-di-cis retinenes shows6 that the 11-cis compound is the most thermolabile of these molecules (when incubated 3 hr at 70"C in 1 per cent digitonin solution). This isomer is also the most labile upon irradiation by light of X > 410 mMi (u.v. excluded)6 and upon iodine-catalysed irradiation.7
These facts tend to indicate that if the "hindered" isomer is perhaps the least stable, it is, however, the most easily formed under various conditions.6 8 Obviously, a careful distinction must thus be made between the stability of the isomers and the ease of their formation. It appears to us that such a distinction is of particular importance for the problem of the biochemical role of retinenes. The fact that the "hindered" isomer appears in nature in the rods and cones of the retina is not irreconcilable with the possible instability of its isolated form, as this particular isomer may well be trapped by opsin at its very formation and appreciably stabilized by the combination with the protein. 9 It is consequently possible that it is the mere ease of formation of this isomer which is of preponderant importance for its biochemical role.
Moreover, it appears also possible that the "hindrance" of the type occurring in the 11-cis isomer of retinene is of a more limited importance for molecular stability than originally thought. This may be so because this hindrance does not need to cut the conjugation between the two parts of the molecule entirely. It is possible that the CH3 group is itself pushed out of the molecular plane so as to leave the whole conjugated system coplanar to a large extent. Thus, a number of such "hindered" isomers of polyenes have been synthetized and are stable.10 However, by calculating explicitly the loss of resonance energy of a polyene chain when the conjugation is cut into two parts by isomerization around a double bond adjacent to a methylated carbon, Pauling3 was able to show that this loss should be greater for a long carotenoid molecule than for a short polyene chain. This led to the conclusion that "hindered" cis-isomers should be less probable for the long chains.
Whatever the state of affairs concerning the stability of the isomers may be, it appears obvious that it is essential to complete the study of the retinene problem with an investigation of the mechanism and rate of the isomerizations themselves. This is the aim of this paper.
The Activation Energies for Trans-Cis Isomerizationrs of Polyenes.-The problem consists, in fact, in the search of a quantity which could be a measure of the ease of isomerization from the all-trans structure of a polyene to one of its cis-configurations, i.e., a measure of the corresponding activation energy. Unfortunately, the calculation of the absolute activation energies for such transformations is not feasible at present. However, what we may hope to be able to evaluate are the relative activation energies for such transformations when those occur upon the different double bonds of the same polyene or in related polyenes. This can in fact be done by an application to this problem of the same kind of approximation that has been used extensively during recent years for the general interpretation of the chemical reactivity of conjugated organic molecules. This approximation consists in the so-called "method of localization energies," originally introduced by Wheland1' and subsequently developed and used by a number of authors,12' 13 which appears today as one of the most successful procedures for the interpretation of a number of aspects of chemical reactivity in conjugated molecules.
Following the general pattern of this method, we may extend its application to the problem of the isomerization reaction in the following way. As we are in practice interested only in the comparison of the rates of isomerizations around different bonds of the same compound or around corresponding bonds in homologs, we may admit that the main variable part of the activation energies for these isomerizations originates from the variation of the energy of the mobile electrons between the initial and the transition state. The evaluation of these variations necessitates then the choice of a representation of the transition state, at least as far as the Tr-electrons of the system are concerned. This can be reached by considering that in order to undergo a trans to cis isomerization around a double bond, the system has to pass through a stage in which the two ir electrons of the bond involved are uncoupled (when their electronic clouds point in directions perpendicular to each other). This stage may be taken as corresponding to the transition stage of the reaction, and consequently we may take as the relative measure of the ease of isomerization the energy needed for bringing the molecule to this particular state. Since each of the uncoupled electrons remains conjugated with the molecular fragment on its side, the representation of the transition state involves two such radical fragments. Thus, the energy that we have to spend in order to bring the molecule to this state is (as far as the ir-electrons are concerned) the difference between the energy of the whole conjugated initial system and the sum of the energies of the two odd-numbered fragments. We shall call this quantity the localization energy for a trans-cis isomerization (L.E.I.). The general success of the method of localization energies supports the idea that it should be a good index for the determination of the relative values of activation energies for trans-cis isomerization reactions.
It may be remarked that this representation needs no specification about the detailed nature of the transition state, in particular, none as to whether a triplet state is or is not involved. Such a specification may be reached, if desired, in a higher approximation, simply by choosing a proper value for the parameter, 1, in which the localization energies are evaluated (see below) in a way similar to what can be done for spectroscopic transitions. 13 It may also be added that s-cis, s-trans isomerizations (isomerizations around a single bond) may be dealt with in a similar way, the calculation of the localization energy involving in this case the difference between the energy of the initial conjugated system and two subsystems which are two even-numbered fragments.
The method has been applied in the first place to some simple types of compounds. Table 2 gives the values of the localization energies for the isomerization around the different double bonds of the hydrocarbons CnHn.+, from n = 6 (hexatriene) to n = 16. All the energy calculations have been carried out in the L.C.A.O. approximation of the molecular orbital method.'4 It should be mentioned here that we are perfectly aware of the drawbacks of this simple approximation in the case of polyene chains,15 particularly of the fact that it yields bond orders which tend to equalize too rapidly as one moves towards the middle of a long chain. This difficulty could have been avoided by taking into account the variation of the resonance integral 1314, 16 as a function of the alternation of the single and double bonds. However, it can easily be seen that such a refinement would simply result in the accentuation of the differences between the values of the localization energies in the central bonds of the molecules, but would not change their relative order. Consequently, it did not seem useful to take into account this refinement, which would complicate appreciably the calculations. The results in Table 2 indicate (1) that the localization energies for the trans-cis isomerization are generally smaller for the internal bonds of the polyenes than for the terminal ones, with the smallest value corresponding to the central bond, and (2) that they decrease for the corresponding bonds in homologs with the lengthening of the conjugated chain. It may be remarked that the results relative to the ease of the trans-cis isomerizations are quite different from those relative to the stability of the corresponding hindered cis-isomers.
It can be shown by using the well-known expression of the L.C.A.O. method for the energy as a function of the bond orders and charges14 that the following relation exists between the L.E.I. and the bond order p,,, of the bond which undergoes the trans-cis isomerization:
L.E.I. = 2,3{pu, + Fi (Prs -P'rs)
(1)
where Pr, is the value of the bond order of the bond rs in the original molecule and P'r, its value in the radical fragment. This relation is an exact one; if one would apply a perturbation treatment as is done frequently in the case of the localization energies used in the theory of chemical reactivity, one would find the approximative relation:
L.E.I. 2p3,,# -32 Z ispv (2) r <a p where lrr,, is the mutual polarizability of the bonds rs, ,Av.
Relation (1) shows that the main term in the value of the localization energy for isomerizations comes from the bond order of the susceptible bond. As is well known,14 the central "double" bonds of the polyenes have the smallest bond order, so that our result gives support to earlier statements that it is the central double bond of an all-trans carotenoid which should isomerize the most easily. 17' 18 It must, however, be borne in mind that there is a second term in equation (1) 25 , that the isomerization of the all-trans retinene to the 1 1-cis compound should be easier than the isomerization to the 13-cis compound. However, these values also predict that the 9-is isomer should be the most easily formed, while the experimental results point, as already stated, in favor of the 11-cis compound.6
There may be two possible reasons for this discrepancy:
(1) It has been shown2' by X-ray analysis of the crystal structure of the all-trans fl-ionilydenecrotonic acid (II), which is the nearest lower homolog of the acid corresponding to retinene, that the length of the single bond adjacent to the ring (6-7 bond) is 1,499 A, practically equal to the length of the single C-C bonds in the ring (1,500 A. for bond 4-5, 1,502 A for bond 3-4, and 1,493 A for bond 2-3) and appreciably greater than that of any of the single bonds of the chain. This seems to indicate that there can be no full conjugation across that bond, so that, to take an extreme point of view, the conjugated system is constituted essentially of the four double bonds of the chain. If the same thing occurs in all-trans retinene, the conjugated system in this compound would be closer to five than to six double bonds. In such a system, the [11] [12] bond would become the central one and might thus be expected to have the lowest L.E.I. This explanation seems to find support in recent refined calculations on the retinene molecule22 by a self-consistent scheme, taking into account the differences in bond lengths as given by Eichhorn's measurements. In these calculations, the bond order of the 11-12 bond is found to be effectively slightly smaller than that of the 9-10 bond, thus pointing in favor of an easier isomerization around it.
(2) Another factor which would provide a further reason for the 9-cis isomer to be less easily formed than the 11-as may be the structure of the 9-cis isomer itself. It has been shown experimentally6 7 that the 9-cis retinene, as well as the related 9,13-di-is compound (iso-a-and iso-b-retinenes), behave in a special way with regard to isomerization by light, as compared to the set of the other four isomers, specifically, that while the last four molecules reach the equilibrium mixture in comparable times, the iso-compounds need a much longer delay. Hubbard7 has shown that the 9, 13-di-cis compound isomerizes quickly to the 9-is one, which then very slowly reaches the equilibrium mixture. This difference in stability between the iso-compounds and the other isomers has been puzzling enough to allow a rather bold hypothesis about their structure,23 namely, that they may involve an a-ionone ring instead of a fl-ionone one. This supposition has been abandoned, but another possibility appears, which has in fact been suggested by Dartnall :24 it is possible that the iso-compounds involve an s-cis form of the retinene molecule around bond 6-7, instead of an s-trans form which seems to be present in the other isomers (Fig. 1) . This suggestion is supported by the recent X-ray analysis of the structure of fl-ionylidene crotonic acid.2' The authors give the s-trans configuration for the all-trans compound and the reversed s-cis configuration for the 9-cis compound. (The detailed structure has not, however, been published yet.)
This hypothesis would explain the unusual stability of the iso-compounds once formed, because in the s-cis configuration of the f-ionone ring, the steric interference between the methyl group at carbon 5 and the rest of the conjugated chain would be less pronounced than that caused by the gem-dimethyl group in the s-trans form, thus allowing a better conjugation in the whole molecule and enhancing consequently its stability. Furthermore, it would explain also why-the 9-cis compound forms less easily than the 11-cis on irradiation of the all-trans as the isomerization would involve in this case not only the 9-10 double bond but also the rotation of the hexylidene cycle, thus increasing the activation energy for the overall transformation. An interesting point is that our representation of the activated complex in the course of the isomerization may allow us to understand why the 9-cis isomer may have greater tendency to exist in the s-cis configuration than the other isomers. Let us consider the activated complexes for the 9-cis (III) and the 11-cis (IV) isomerizations and let us cut entirely the conjugation in III and IV between the (III)~' (IV) ring and the chain as an extreme representation of the consequence of the lengthening of bond 6-7 beyond the usual norm (as discussed earlier). If an s-trans-s-cis isomerization should occur in these activated complexes, the conjugation would be restored to a certain extent between the ring and the chain (as discussed earlier). Imagining the extreme situation again, let us consider that it is then fully restored as in V and VI. Under such assumptions, we can take as a relative measure of the gain in energy which accompanies the rotation of the cycle the gain in resonance (V) (VI) energy between the completely nonconjugated structures III or IV and the fully conjugated structures V or VI. The calculations have been made for the three mono-cis isomers:9-cis, 11-cis, and 13-cis of retinene. The values obtained are respectively 0.64fl, Q.59g, and 0.57,3. In the present case, this gain in resonance energy is also a good indication of the probability of the isomerization because the activation energy of isomerization around that particular single bond is fairly the same for all isomers. Thus, the preceeding results show that the probability of the s isomerization is appreciably larger for the 9-cis compound than for the other two.
Conclusion.-This investigation points thus strongly toward the conclusion that it is most probably the energy of activation for the all-trans to cis isomerization rather than the relative stability of the cis-isomers that is the predominant factor in deter-mining the biochemical importance of the different cis-retinenes.
This conclusion does not prejudge, of course, the importance of a number of complementary factors, among which, in particular, the geometrical shape of these isomers and, as pointed out recently,22 perhaps also a number of their physicochemical characteristics such as their electron-donor ability, the basicity of their terminal carbonyl grouping, the distribution of electronic charges, etc. The study of the fine structure of cells and cellular bodies by electron microscopy has made great strides forward in the last decade. An important contribution to further development would be specific electron stains with which to identify and localize individual molecules within the cellular matrix. The success achieved by the Coons' fluorescent antibody conjugate technique of staining for light microscopy clearly suggests the use of antibody as the basis for a general and highly specific electron stain. The preparation of two different types of antibody conjugate for electron microscopy has recently been reported.2 3
In order to make effective and general use of an antibody conjugate as an electron stain, however, serious problems of specimen preparation must be overcome. Antibody molecules do not ordinarily penetrate living cells, and cells must therefore be first subjected to suitable treatment. Two general procedures for staining with an immuno-specific electron stain are possible. The cells might first be fixed in a manner appropriate for electron microscopy, which simultaneously renders them permeable to antibody molecules, and then stained with the antibody conjugate, followed by conventional embedding and sectioning of the cells for electron microscopy; or the cells might first be fixed, embedded, and sectioned and then stained. The latter procedure would probably be the most generally useful if it could be developed. The question immediately arises, however, as to whether antigenic determinants in a cell can be subjected to the treatment involved in fixation and embedding and still retain their capacity to bind specific antibody.
Several methods of fixation and embedding for electron microscopy are in use at the present time. In these preliminary studies, our objective was to determine the effect of some of the simpler and more widely used methods on the antigens of several simple systems. To our knowledge, no reports of such studies have yet appeared. The techniques of fixation and embedding ordinarily utilized with the fluorescent antibody conjugate method,' which of course do permit the retention of the antibody-binding capacity of many different antigens, are not generally applicable to electron microscopy and are therefore not pertinent in this connection. The major part of these studies involved the antigens of Escherichia coli and Streptococcus pyogenes. These organisms were chosen because they are morphologically distinct, and the specificity of staining was therefore easily ascertained in mixtures of the two. By using the fluorescent antibody technique, it was possible
